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INTRODUCTION 
Recent investigations in the area of acetate gas phase thermolysis 
indicate a mechanism which involves a similar transition state despite 
the acetate used. The reaction preferentially goes through a cis-
elimination with the S-hydrogen atoms, proceeding through a six-membered 
ring transition state. 
The purpose of this study is to examine the effect of a strained 
bicyclic ring system upon the mechanism of acetate thermolysis. Throuqh 
kinetic studies and product identification of the pyrolyzed products of 
bornyl and iso-bornyl acetate, an insight into the preferred mechanism 
can be obtained. A previous study (cited later) indicated that the 
accepted six-membered cis-elimination is not the mechanism which strained 
bicyclic acetates preferred. This paper will, therefore, examine this 
question and determine if inconsistent products and kinetics are indeed 
obtained. 
HISTORICAL 
The Thermolysis of Acetates 
Organic compounds pyrolyze in the gas phase by one of three homo-
geneous mechanisms: (1) unimolecular, (2) radical chain, or (3) 
radical nonchain. The unimolecular mechanism (1) is the simplest; it 
is an elementary reaction in which the solvent and the reaction vessel's 
surface have no effect upon the rate nor the mechanism. It is this 
unimolecular decomposition process that we are concerned with in the gas 
phase thermolysis of acetates. Due to the large number of studies and 
the vast amount of data accumulated about the thermolysis of acetates 
during the past two decades, the mechanism of acetate thermal decompo-
sitions is one of the best understood of all gas phase reactions. 
The Mechanism of Acetate Thermolysis 
The therroolysis of acetates is proposed to follow a mechanism in 
which the transition state is represented in a quasi-six-membered cyclic 
arrangement. Although there is some debate as to the degree of polar-
ization which is present at the transition state, the six-membered ring 
orientation is generally accepted. This cyclic arrangement of the mole-
cule accounts for the strict observance of cis-elimination, the observed 
range of activation energies (37-48 Kcal/mole), the negative entropies 
of activation, the B-deuterium isotope effect, the low Hammet p value, 
2 
and the scarcity of rearrangement products. The transition state may be 
represented by one of the three following structures, depending upon the 
degree of polarization at the transition state. 
/5 CH t /CH2, H ~ 2· .. R-r H R-CR' l:i R-CR' H ~~ J-: : 'c/ o"""i"""o I, ~· R R' 
I II I II 
As a result the pyrolysis products of acetates yield acetic acid 
and the corresponding olefins of the acetate used. In general, the 
reaction is represented as follows: 
RCO CHR'CHR" ----.-.. RCO H + R'CH=CR" 2 2 2 2 
1 The Thermolysis of Bornyl and Iso-bornyl Acetates 
In order to examine the effect of a strained bicyclic system on the 
mechanism of acetate pyrolysis, Emovon of the University of Ibadan in 
Nigeria obtained samples of bornyl (1) and iso-bornyl (2) acetates and 
examined their kinetics. 
1 
E. U. Emovon, J. Chem. Soc. (B), 588 (1966). 
3 
ococHJ 
( 1 ) (2) 
Analysis of the pyrolyzed products revealed that not only the 
expected acetic acid and bornylene (3) were obtained, but tricyclene 
(4) and camphene (5) were also obtained. The relative amounts found 
- -
are tabulated in Table 1. 
(3) ( 4) ( 5) 
Table 1. Products obtained by Emovon in the thermolysis of bornyl 
and iso-bornyl acetates 
Bornylene Tricyclene Camphene 
Bornyl Acetate 61 .0% 23.3% 14.8% 
Iso-bornyl Acetate 20.1 % 31 .5% 48.4% 
4 
5 
His kinetic studies indicated that a faster rate resulted from the 
thermolysis of the iso-bornyl acetate than that obtained from the bornyl 
acetate. Tables 2 and 3 summarize Emovon's kinetic data. 
In order to account for the occurrence of tricyclene and camphene 
as well as the relative rates in the kinetic data, Emovon proposed a 
modification to the accepted six-membered ring cis-elimination mechanism. 
In the elimination reaction of borneol, iso-borneol, bornyl 
benzoate, and iso-bornyl benzoate in solution, camphene and tricyclene 
have been observed. 2 In addition an explanation of the relative rates 
of reaction of bornyl and iso-bornyl chloride have been accounted for in 
terms of neighboring group assistance. 3 Emovon used these ideas to 
propose a seven membered ring mechanism to explain the presence of the 
two unexpected products. The mechanism of formation of tricyclene and 
camphene as proposed by Emovon is shown in Figures l and 2, respectively. 
An examination of Emovon 1 s work leads the researcher to one of two 
conclusions. First, the accepted mechanism of acetate thermolysis must 
be modified to account for strain within the system, or secondly, the 
procedures used by Emovon did not provide the necessary conditions to 
insure a homogeneous unimolecular reaction. 
2 C. A. Burton, K. Khaleeludden, and D. Whittaker, Nature, 190, 
725 ( 1961 ) . 
3H. Martin, H. M. R. Hoffman, and A. Maccoll, J. Amer. Chem. Soc., 
87, 3773 (1965). 
6 
Table 2. Emovon's rate constants for the thermolysis of bornyl 
and iso-bornyl acetates a 
bornyl acetate 
Temperature (9C) 644 630 618.4 612.7 603.2 
4 -1 10 k (sec. ) 3.81 l.82 0.92 0.67 0. 36 
iso-bornyl acetate 
Temperature (°C) 617.7 604.5 589.5 578.9 571.2 
l 4 ( -1 0 k sec. ) 5.98 3.78 l. 17 0.614 0. 371 
aReference l . 
Table 3. Summary of Emovon's kinetic data a 
Rel. Ratea Ea log A 
iso-bornyl acetate 6.80 42,020b 11 . 64 
bornyl acetate l.00 45,340c 11 . 99 
aMeasured at 0 345.2 c. 
b 
of 0 Temperature range 330.0-370.0 c. 
cTemperature range 0 of 298.0-344.5 C. 
a Reference l. 
Figure l. Tricyclene formation through a seven membered 
ring transition state. 
Figure 2. Camphene formation through a seven membered 
ring transition state. 
7 
8 
EXPERIMENTAL 
Kinetics 
The apparatus used in this kinetic study has been described by Smith 
and Kirby4 with modifications as outlined by Kramer. 5 (See Appendix for 
a schematic representation and operating procedures of the reaction 
apparatus.) 
The temperature of the thermolysis reactor could be controlled to 
±0.1° by allowing the temperature to equilibrate after resetting the 
powerstat. The reported temperature is an average value of readings 
I 
made before, during, and immediately following each run. 
A sample of the compound to be studied (100-150 ul) was injected 
into the reactor by means of a hypodermic syringe equipped with a nine 
inch needle. Oxygen contamination was avoided by fastening a nitrogen 
filled balloon over the plunger end and sealing the needle to the syringe 
with teflon tape. The kinetics were obtained by monitoring pressure by 
using a pressure--E.M.F. transducer and continuously recording the E.M.F. 
on a strip chart recorder. 
Deactivation of the Reactor 
In kinetic studies of organic esters by gas phase thermolysis, it 
has been demonstrated that reaction vessels which have been exposed to 
4 G. G. Smith and J. A. Kirby, Analyst, 94, 242 (1969). 
5D. J. Kramer, Ph.D. dissertationt Utah State University, 1973. 
g 
oxygen result in non-reproducible and heterogenous kinetic data. 6 In 
an 
11
unseasoned 11 reaction vessel, surface reactions are indicated in the 
failure to obtain a good first-order plot, that is, failure to maintain 
linearity to beyond three half lives (87% completion), as well as non-
reproducibility of results to within 5%. Reaction vessels have been 
"seasoned" with a variety of compounds such as 3-butenoic acid, 7 allyl bro-
mide,8 cis -2-butene, 9 and 1-(2-furyl) ethyl acetate. 10 The nature of this 
surface activation is not completely understood and is somewhat open to 
conjecture; however, it is reasonable to assume that there are areas on 
the surface of the reactor of high catalytic activity. Repeated "season-
ing 11 with these various compounds appears to coat the surface of the 
vessel with a film of carbon which evidentally reduces this catalytic 
activity. 
The reaction vessel used in this study was repeatedly injected 
with samples of 3-butenoic acid in the temperature range of 410-450°C. 
This was continued until the calculated rate constants were minimized 
and reproducibly consistent. At each temperature thermolysis was con-
ducted, the rate of the thermolysis of 1-phenylethyl acetate was deter-
mined and compared to previously obtained rates. 5,11 Only when 
6R. Taylor, G. G. Smith and W. H. Wetzel, J. Amer. Chem. Soc., 
84, 4817 (1962). 
7G. G. Smith, F. D. Bagley and R. Taylor, J. Amer. Chem. Soc., 
83' 3647 (1961. 
8A. Maccoll, J. Chem. Soc., 965 (1955). 
9M. R. Bridge and J.C. Holmes, J. Chem. Soc., (PII), 731 (1966). 
10R. Taylor, J. Chem. Soc., (PII), 1397 (1968). 
11 J. A. Kirby, Ph.D. Dissertation, Utah State University, 1967. 
consistent results were obtained for this standard were the data col-
lected on the thermolysis of bornyl and iao-bornyl acetate considered 
significant. 
Method of Determining Rate Constants 
lO 
The E.M.F. was recorded on a 2 millivolts strip chart recorder. The 
resulting plot was E.M.F. versus time as illustrated in Figure 3. 
Initial pressures were taken at 20 second intervals, avoiding the initial 
part of the graph due to vaporization and the later due to secondary 
decomposition effects. After a sufficient number of points were obtained 
the chart drive motor was turned off and P was noted after several 
00 
minutes. 
The rate constant, k, was calculated from the data points by using 
a program designed for a Digital Equipment Corp. PDP-Se series computer 
in FOCAL-8 language. The methods of least squares analysis, the 
standard deviation and determination of correlation coefficient are from 
Draper and Smith. 12 The computer program is illustrated in Figure 4 and 
the operation of the program for the data points in Table 4 is illustrated 
in Figure 5. The calculated slope is equal to -k. 
As the largest source of probable error is the determination of P
00
, 
the computer program allows for the retention of the data set and recalcu-
lation of the rate constant with a new estimate of P . The example 
00 
calculation demonstrates that the standard deviation and correlation co-
efficient are minimized by the best value of P . 
00 
12 N. R. Draper and H. Smith, "Applied Regression Analysis," 
John Wiley and Sons, Inc., New York, N. Y., 1966, pp. 10-16. 
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Figure 3. E.M.F. versus time trace for thermolysis of 1-phenylethyl 
acetate at 645.1°K. 
11 
*C FOCAL-R 
* *01.0~ FRASE;; s \JF=2; s OL=1; s T1= 0 ; s x sr rY1= 0 
*01. 06 A "NEW l)R OLD DATA?"DA 
*0ld717 A "TYPE I\J APPR0XIMATF P(J\JFI'\llTY)"PT 
*0 1 • 0 8 s x ( 0 ) = 0 
*0 l • 0 9 I C DA - 2 > 1 • 2 3, 1 • 1 , 1 • 2 3 
*01. 1 0 ASK "PRI \J T I "J NUMBF:R () F OB SFRVAT U)'\J S", M 
*01. 11 S N0=2; S YE=3 
*01. 12 A "F:''J TER DFL TA T"T I 
*0 1 • 1 3 T ! " . P", ! 
*01.2J S , XS=0;s YS=ei;s XQ=0;s XY=0;s Y2=0;s SD=0 
*01 • 2 5 F I= 1, M; DO 2. 0 
*'2H -. 30. S D=M*XQ-CXSUM*XSUM> ;5 Ar_.=("'l*XY-XS*YS)/D;s A2=(X0*YS-XS* X'n/T' 
>1:01. 40 TYPE "J •'JTFRCFPT ", A2," WJ TH A SL'1PF OF ", ATJ 
*01. 50 ' F I=l,M;D 3 
*01. 51 T !"STANDARD DEVIATFJN '1F "SD 
*01.60 SET CC=CXY-XS*YS/Ml/FSQTCCXO-XSt2/M)*C Y?-YSt?/M)) 
=+01.70 T" CORR. COFF."CC;A !!"QUIT?"QQ_; I (QQ-YF>l. !1 h,J.><,l. ~ 1'­
:+01.80 Q 
* 
*02. 05 I C DA-2> 2. 1, 2. 06, 2. 1 
*02.06 A P<I>iT ! 
*02.10 S XCU=XCI-})+TI; S XS=XS+X(!); S XO=XR+X(l>t? 
*02.20 S YCI>=FLOl-CPI-PCI));S YS=YS+YCI>iS XY=XY+XCI>*Y.Cl> 
*02.21 S Y2=Y2+YCI)t2 
* 
*03.10 SET SD=SD+(YCI>-AL*X<I>-A?.>t? 
**'' 
Figure 4. Computer program for computation of rate constants from pressure versus time data. 
*rn 
NFW OR OLD DATA?:2 
'IYPF'. I'\J APPROXIMATF P<INFI'JITn:llF~ 
PRJ'\TT IN '\JUMBr~R .rJ F OBSFRVATIO'\JS: 11 
FNTFR DFLTA T: 20 
p 
: 37. 6, 
:49. 0, 
: SI<\• 7, 
:f.7. (i), 
: 7 L.J. ('}, 
: ~«71. :~, 
:R 5. 5, 
:R9. R, 
:93.<.J, 
:91.0, 
: 10 (,,. [,j, 
13 
JNTE'RCEPT = 0.L153140E+01 \~lfTH A Sf~DPE (JF =-Ql.?l1F 1'.< L1· )r -0 :? 
~ANDA~D DFVIATION OF= 0. l65R9rF-03 C0RR. C0FF.=-0.QQQ9hRF+~ 
QUIT? : 2 
NFW OR OLD DATA?:3 
'1YPF Ii\J APPR;lXlMATF. PCI1\JF1 ·'\JJTY>: 1 lG 
J1\JTFRCF'.PT = 0. LJ53S90F.+0l v.lITH A SLOPF r1F = - r~ . 7?FSCi'IFF-0:? 
~ANDARD DEVIATION OF= 0.369907F-03 CORR. C0FF.=-0.9QG9Ci'l?F+00 
Ql.JI T?: ~ 
i\JFW OR OLD DATA?:3 
TYPE IN APPRl)XIMATE PCINFI1\JITY>:117 
JNTFRCFPT = 0o45?747E+01 WITH A SL0PE OF =-Ci'l.7rA5:?QF-Ci'I:? 
~ANDARD DEVIATION OF= 0. 103?ArF-03 CORP. COFF.=-0.9999SR~+00 
QUIT?:2 
1\JFW OR OLD DATA?:3 
1YPE IN APPROXIMATF. PCI\JFINTTY>:ll .r 
JNTERCEPT = 0.452418E+~1 WITH A SLOPE OF =-Vl. 7Q1701E-Vl:? 
~ANDARD DEVIATION OF = (i). 2/J9279F-01 Cf1RR. COFF'. =-Cll. 99991r1F'+Vl0 
QUIT?:3 
* 
Figure 5. Operation of computer program in computation of rate constants 
from pressure versus time data including variation of P
00
• 
Table 4. Data points for the thermolysis of 1-phenylethyl acetate 
at 645. l°K 
Observation Relative Relative 
number E.M.F. time, sec. 
1 37.6 0 2 49.0 20 3 58.7 40 4 67.0 60 5 74 .0 80 6 80.3 100 7 85.5 120 8 89.8 140 9 93.9 160 10 97.0 180 11 100.0 200 
118.0 00 
Calibration of the Thermocouples 
The calibration of the reactor thermocouples was accomplished by 
comparison with a platinum resistance thermometer calibrated by the 
National Bureau of Standards (test number 639821, October 1968). The 
resistance of the platinum resistor was measured with a Leeds and 
Northrup Type G-2 Mueller bridge which was determined to be self-con-
sistent by the method recommended by the National Bureau of Standards. 13 
The bridge was powered by a six volt lantern battery which was adjusted 
with the bridge reostat to supply a continuous current of 1.0 ma through 
the resistance thermometer. The circuit employed a Brown galvanometer, 
Model 104Wl-G, with a rated sensitivity of 0.001 ma/mm. 
13National Bureau of Standards, Notes to Supplement Resistance 
Thermometer Reports, NBS publication, 1963. 
14 
15 
The resistance of the platinum resistor at any temperature was deter-
mined by the following procedure. The thermometer was placed in the 
appropriate vessel, either an ice/water bath in a Dewar flask or the 
thermocouple well in the reactor, and allowed to remain for at least 15 
minutes in order to establish thermal equilibrium. The galvanometer zero 
was set by shorting the leads and adjusting the zero control on the 
galvanometer . With the bridge peg in the RATIO position and the commu-
t ator at the 11 011 position, the arm ratio was adjusted to equality with 
the ratio slidewire control. The bridge zero was obtained with the peg 
in the ZERO position and the commutator in first the 11 N11 position and 
then the 11 R11 position. The resistance necessary to obtain a null point 
is the zero correction for either the 11 N11 or the 11 R11 position and was 
subtracted from any measurement made in these positions. The galvanometer 
was damped with the galvanometer resistor on the bridge in the series 
position, 11 S, 11 and the approximate redistance settings made on the bridge. 
The damping was then removed and the bridge balanced. This procedure was 
repeated four times for any determination with the commutator in the 
sequence 11 N, 11 11 R, 11 11 R, 11 11 N. 11 The average of the corrected values for 
this sequence was used as the resistance of that determination. The 
resistance of the thermometer in the ice/water bath was determined 
frequently. The value used for R0 in the resistance ration Rt/R0 was 
the average of the two ice point determinations made most recent to the 
determination of Rt. Comparison of these values for the resistance 
ratio with the table supplied with the platinum resistance thermometer 
standardization by the National Bureau of Standards, and, where necessary, 
linear interpolation, gave the temperature of the reactor. 
16 
Thermolysis Product Trap 
The special trap used for the collection of products of thermolyses 
from the thermolysis reactor is illustrated in Figure 6. The trap was 
attached to the conduit system and, with the reactor sealed during the 
course of a reaction, the trap pumped out. At the completion of the re-
action, the trap was cooled in a dry ice-iso-propyl alcohol bath to a 
point 1 inch below the mouth of the nmr tube. The reactor was then 
opened and the products pumped into the trap. The reactor was resealed 
and the trap removed from the conduit system. The nmr tube containing 
the product was replaced with a clean nmr tube and the trap replaced 
into the reactor system. Alternate pumping and purging with nitrogen 
removed any oxygen contamination from the atmosphere to the system before 
the reactor was reopened. 
Reactant Compounds 
Preparation of 3-butenoic acid 
In a 500 ml three necked flask, attached to a reflux condensor, 
was added 67 g (1 .0 mole) of allyl cyanide and 100 ml of concentrated 
hydrochloric acid. The mixture was heated and shaken. After about ten 
minutes of heating, the reaction began; a precipitate of ammonium 
chloride appeared and the mixture refluxed. After fifteen minutes of 
refluxing 100 ml of water was added; the upper layer of acid was sepa-
rated. The aqueous layer was extracted with two-100 ml portions of 
ether, which were combined with the acid. The solvent was removed by 
rotary evaporation, dried over anhydrous magnesium sulfate, and the 
3 2 5 6 4 
~'~~ l. 18/7 ball joint 2. silicone rubber septum 3. 3/8 in Tygon tubing 
4. 1/4 in Tygon tubing 
5. 1.8 mm capilary tubing, pyrex 
6. l .5 mm polyethylene tubing 
7. standard nmr tube 
Figure 6. Trap designed to collect the products of thermolysis directly in a nmr tube. 
""" 
18 
crude product distilled at 41.0° C/1.05 nm. Additional purification was 
performed in a three necked 250 ml flask fitted with a stirrer, thermome-
ter, and a dropping funnel to which was added 24 g of sodium hydroxide 
dissolved in 80 ml of water. The solution was cooled continuously and 
the 3-butenoic acid was added over a 25 minute period. This solution was 
extracted with 50 ml of chloroform. The alkaline solution was trans-
ferred to a funnel and then 300 ml of dilute sulfuric acid (16 . 5 ml cone. 
H2so4/300 ml H20) was added and the entire solution was extracted three 
times with 100 ml portions of chloroform. The solvent was removed and 
the product distilled at 35.3° C/0.65 mm leaving 28.8 g of product 
(33.5% yield). The literature bp is 163° C/760 mm. 14 
1-Phenylethyl acetate 
1-Phenylethyl acetate was obtained from K & K Laboratories (Lot 
No. 15387--white label). Its purity was verified by vapor phase 
chromatography. 
Preparation of iso-bornyl acetate 
A solution of 40 g (0.259 mole) of iso-borneol (Alrich Chemical 
Company, bp 214° C.) in 48 g (0.470 mole) of acetic anhydride was 
refluxed for 3 hours. 15 Water was added and the mixture was neutralized 
with a sodium bicarbonate solution (10%). The ester was extracted with 
benzene, dried over anhydrous sodium sulfate and distilled. The distil-
late was further purified by distilling in Nester/Faust teflon spinning 
14N. L. Drake, editor, Organic Syntheses, Vol. 24, 1944, John 
Wiley and Sons, Inc., New York. 
15r. Sato, Tetrahedron, 23, 1798 (1967). 
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band distillation column to give a yield of 35.6 g (71 %), bp 63.5° C/0.9 
mm. The compound was further purified by vapor phase chromatography us-
ing a 20 foot preparative column of 20% Carbowax 30 Mon 30/60 Chrom Pat 
125°C. 
Bornyl acetate 
The bornyl acetate was obtained from the Aldrich Chemical Company 
(Lot No. 050891). The purity was verified by vapor phase chromatography. 
Results of the Acetate Thermolysis 
The experimentally determined rate constants and their corresponding 
temperatures are given in Tables 5 through 7. 
The Arrhenius parameters were calculated from the rate constants and 
are reported in Table 8. The Arrhenius plots are graphically displayed 
in Figures 7 through 9. 
Analysis of the collected products of the thermolysis of 1-phenyl-
ethyl acetate (a clear solution) by vpc showed two peaks. Identification 
of the peaks was made by gas chromotography-mass spectrometry, which con-
firmed the products to be styrene and acetic acid. The computer recon-
struction of the vpc is shown in Figure 10. From the mass spectral data 
the three compounds (A, B and C) were shown to be acetone, acetic acid 
and styrene respectively. The results are tabulated in Tables 9 through 
11 and graphically illustrated in Figures 11 through 13. The relatively 
small amounts of acetic acid present in the sample was due to the 
separation of the products into two layers. As a result homogeneous 
sampling was difficult. 
Table 5. Rate constants for the thermolysis of 1-phenylethyl 
acetate. 
Run k x 1 o3 T ln k (l/T) X 103 
68 0. 570 598. 7 -7.4699 l .6703 
69 0. 535 598.7 -7.5332 1.6703 
51 1. 33 612.4 -6.6226 l. 6329 
79 l. 72 615.5 -6.3654 l. 6247 
96 1.54 615. l -6.4760 1.6258 
97 l. 98 618.7 -6.2247 l . 6162 
105 3.59 633.0 -5.6296 l .5798 
l 04 3.70 633.0 -5.5994 1. 5798 
l 03 4.01 633.6 -5.5190 1 . 5793 
114 7. 16 645.3 -4.9392 1.5497 
141 14.9 658.8 -4.2064 1.5179 
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Table 6. Rate constants for the thermolysis of iso-bornyl acetate. 
Run k x l o3 T ln k (l/T) X 103 
77 l.03 614 .8 -6.8782 l. 6265 
78 l.02 615.4 -6.8880 l. 6249 
98 l.08 616.7 -6.8308 l . 6215 
99 l. 16 617.0 -6.7593 1.6207 
110 2.73 633.7 -5.9035 1.5780 
115 4.64 646.2 -5.3730 1.5475 
141 6.98 655.5 -4.9647 l. 5256 
146 7. 81 657.7 -4.8523 l .5205 
145 7.93 658.8 -4. 8371 l . 5179 
158 11. l 666.4 -4.5008 1 .5006 
157 11. 2 666.4 -4.4918 1.5006 
150 11. 9 667.9 -4.4312 1 .4972 
151 13.4 669.3 -4.3125 1 .4941 
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Table 7. Rate constants for the thermolysis of bornyl acetate. 
Run k x l o3 T ln k (l/T) X 103 
l 01 0. 178 633.0 -8. 6281 1 .5798 
l 02 0. 21 2 633.6 -8.4589 l . 5 752 
147 0.730 657.9 -7.2225 1.5200 
148 0.784 657.9 -7 .1511 l. 5200 
160 0.973 665. l -6.9351 l .5035 
159 l.05 665. l -6.8590 l . 5035 
152 0. 965 667.5 -6.9434 l . 4981 
163 2.02 683.3 -6.2047 l. 4635 
162 2.55 683.3 -5.9717 l. 4635 
161 2.49 683. 3 -5.9955 l. 4635 
23 
-7.5 
-7.0 
-6.5 
-6.0 
-5.5 
-5.0 
-4.5 
1.50 l.55 l.60 l.65 
(l/T) X 103 
Figure 7. Arrhenius plot for the thermolysis of 1-phenylethyl acetate. 
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Figure 8. Arrhenius plot for the thermolysis of i so-bornyl acetate. 
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Figure 9. Arrhen i us plot for the thermolysis of bornyl acetate. 
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Table 8. Arrhenius parameters for the thermolyses of acetates. 
Compound 
1-Phenylethyl acetate 
Iso-bornyl acetate 
Bornyl acetate 
aTemperature of tiSt calculation. 
b Reference 11 . 
cReference 5. 
Ea (Kea 1 ) 
41.6 
42.2b 
43.2c 
38.0 
42.02d 
43.6e 
42.4 
45.34d 
44.5e 
tiSt(eu) To Ka 
-7.4 645 
-4.3 645 
-4.6 645 
-13 .9 645 
-6.0 645 
-12.0 645 
-8.5 645 
dValues reported by Emovon. 
log A 
12.2 
12.5 
11. 64 
11. 99 
Corr. 
Coe ff. 
0.997 
0.998 
0.999 
0.994 
eThese values were calculated from Emovon 1 s published 
data. 
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Figure 10 . The vpc chromatograph of the thermolysis products of 
1-phenylethyl acetate. 
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Table 9. Summary of the mass spectrum of compound A whose 
vpc is shown in Figure 10 (acetone) 
m/e RI,% 
13 8.7 
> 14 22.5 
> 15 60.7 
16 l 0. 4 
28 13. 3 
29 17.3 
31 8.7 
41 11. 0 
> 42 17.9 
> 43 68.8 
44 9.2 
>> 45 100. 0 
> 60 35.3 
28 
45 
100 .. 
... 
80 -i 
-I 43 
>- 15 
I-
,___. 
60 ~ (/') 
z 
w 
I-
z 
-w 
> 
,___. 
I-
c:( 
_J 40 -w 60 c::: 
-
20 ~ 
T l I 
20 40 60 
m/e 
Figure 11 . The mass spectrum of compound A whose vpc is 
shown in Figure 10 (acetone). 
Tab 1 e 10. Summary of the mass spectrum of compound B whose 
vpc is shown in Figure 10 (acetic acid) 
m/e 
14 
> 15 
25 
> 26 
> 27 
28 
29 
37 
38 
39 
41 
> 42 
» 43 
44 
> 58 
RI,% 
4.9 
32.4 
l. 2 
5.4 
7.2 
2.6 
3.2 
l. 9 
2.3 
4. l 
2.2 
6.6 
100.0 
2.2 
20. l 
30 
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The mass spectrum of compound B whose vpc is 
shown in Figure 10 (acetic acid). 
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Table 11. Summary of the mass spectrum of compound C whose 
vpc is shown in Figure 10 (styrene) 
m/e 
39 
50 
> 51 
52 
62 
63 
74 
75 
76 
> 77 
> 78 
79 
89 
102 
> l 03 
» 104 
> l 05 
RI, % 
1. 5 
4.0 
11. 3 
3.6 
1. l 
2.9 
2.7 
1. 9 
2.8 
14.3 
27.4 
1. 5 
1.0 
6.5 
41.6 
l 00. 0 
7.2 
32 
l 04 
100 
8 
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Figure 13. The mass spectrum of compound C whose vpc is shown 
in Figure 10 (styrene). 
33 
34 
Analysis of the collected products of the thermolysi s of iso-borny·1 
acetate and bornyl acetate presented a much more complicated picture. 
As Emovon had obtained the products camphene and tricyclene in his 
analysis, mass spectral data were obtained on standard samples and are 
reproduced in Tables 12 and 13 and graphically in Figures 14 and 15. 
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Table 12. Summary of the mass spectrum of tricyclene 
m/e RI,% m/e RI,% 
27 3.2 > 79 16.5 
29 2.3 80 6.2 
39 6.2 81 l. 7 
40 l.2 > 91 25.9 
41 7.8 > 92 22.0 
43 3.8 » 93 100.0 
51 2.5 94 8.0 
52 l. 0 95 l.8 
53 3.4 103 l.8 
55 3.8 l 05 9.6 
57 2.6 106 2.0 
65 3.9 107 4.0 
66 4.5 108 l.O 
67 5.6 119 l. 9 
68 l. l > 121 17.5 
70 2. l 122 l. 7 
77 15. l > 136 18.7 
78 6.5 137 2.0 
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Figure 14. The mass spectrum of tricyclene. 
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Table 13. Summary of the mass spectrum of camphene 
m/e RI,% m/e RI,% 
39 5.3 81 6.5 
40 l. 7 82 5.5 
41 7.3 90 l. l 
50 l.4 > 91 24 .1 
51 2.9 92 4.3 
52 2. l » 93 100.0 
53 7. 1 94 21.2 
54 l. l 95 23.4 
55 4.6 96 l. 7 
62 l.O 105 4.8 
63 l. 7 l 06 l. 3 
65 7.3 >107 39.4 
66 5.3 108 10. 6 
> 67 32.8 109 l.2 
68 16.6 120 l.8 
69 6.6 > 121 93.0 
77 17. 1 122 9.2 
78 2.4 136 15.9 
> 79 38.5 137 2.0 
80 6. 1 
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Figure 15. The mass spectrum of camphene 
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The computer reconstruction of the gas chromatograph, reproduced in 
Figure 16, of the thermolysis produces of iso-bornyl acetate reveals six 
peaks. The chromatograph in Figure 17 shows a greater resolution of 
compounds D and E. This was obtained by separately sampling the two 
layers of products--the acetic acid layer being colorless and the other 
components giving a light yellow color. The mass spectral data of the 
respective compounds are given in Tables 14 through 17 and graphically 
represented in Figures 18 through 21. Mass spectral data are not present 
for the fifth peak, compound H, as it is exactly the same as the fourth 
peak, compound G; no distinction between the two compounds could be made 
by mass spectrometry. From this data it is evident that the first peak, 
compound D, is acetone and the second peak, compound E, is acetic acid. 
The other peaks are not so readily identified; however, three compounds 
show a molecular ion peak at m/e 108 and one compound shows it at m/e 
136. Structures of these compounds will be discussed later. 
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Figure 16. The vpc chromatograph of the thermolysis products 
of iso-bornyl acetate (yellow solution). 
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Table 14. Summary of the mass spectrum of compound E whose vpc 
is shown in Figures 16 and 17 (acetic acid) 
m/e RI,% 
12 l. 7 
13 5.2 
14 12.3 
> 15 41. 9 
16 7.5 
17 l. 9 
18 2.4 
> 28 15.8 
29 12.4 
31 3.3 
40 l. 1 
41 4.2 
> 42 14.0 
>> 43 l 00. 0 
44 6.2 
> 45 87.5 
> 60 50.2 
61 l. 1 
42 
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Figure 18. The mass spectrum of compound E whose vpc is shown 
in Figures 16 and 17 (acetic acid). 
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Table 15. Summary of the mass spectrum of compound F whose vpc 
is shown in Figure 16 
m/e RI,% m/e RI,% 
14 l 0. 6 65 22.3 
27 33.0 67 21. 3 
29 9.6 > 77 63.8 
> 39 44.7 78 12. 8 
40 14.9 79 37.2 
41 24.5 > 91 98.9 
50 11. 7 92 16.0 
51 25.5 » 93 100.0 
52 13. 8 94 20.2 
53 13. 8 > 95 46.8 
55 12.8 l 05 14.9 
60 2. l l 07 12 .8 
63 9.6 >108 46.8 
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Figure 19. The mass spectrum of compound F whose vpc is shown in 
Figure 16. 
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Table 16 . Summary of the mass spectrum of compound G whose vpc 
i s shown in Figure 16 
m/e RI, % m/e RI, % 
26 l. 0 67 l. 5 
27 4.0 74 l. l 29 l. 5 75 1. 5 37 l. l > 77 42.0 
38 2. l 78 7.6 
> 39 13.3 > 79 13. 3 
40 3. l 80 l. 9 
41 6.0 89 l. 3 50 2.8 > 91 72.0 51 6.6 92 8. l 52 3.9 » 93 100.0 
53 4. 8 94 8.2 61 1.2 l 03 l. 7 62 2.2 l 05 7.2 
63 4. l l 07 11. l 
65 9.6 >108 54.7 
66 l. 9 l 09 5.2 
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Figure 20. The mass spectrum of compound G whose vpc is shown 
i n Fi g u re l 6 • 
47 
Table 17. Summary of the mass spectrum of compound I whose 
vpc is shown in Figure 16 
m/ e RI,% m/ e RI,% 
15 3.7 67 28.3 
18 l. 3 68 9.3 
27 29.7 77 35.0 
28 l 0. 7 78 7.7 
29 10.0 > 79 42.7 
32 3.3 80 6.7 
> 39 40.0 81 4.0 
40 7.7 > 91 42.7 
> 41 44.0 92 12.7 
43 8.0 >> 93 l 00.0 
44 2.0 94 13. 7 
50 5.7 95 9.0 
51 12.0 104 3.3 
52 5.0 105 8.3 
53 18. 7 107 21.0 
55 9.0 l 08 l 0. 7 
63 3.7 > 121 45.0 
65 14.7 136 9.3 
66 7.0 
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Figure 21. The mass spectrum of compound I whose vpc is shown in 
Figure 16. 
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The chromatograph of the thermolysis products of bornyl acetate 
revealed seven peaks. Figure 22 is the computer reconstruction; however, 
the acetic acid peak does not appear due to the layer separation. These 
therrrolysis products also appeared yellow. The mass spectral data on the 
five peaks (excluding acetone and acetic acid) are given in Tables 18 
through 22 and graphically presented in Figures 23 through 27. 
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Figure 22. The vpc chromatograph of the thermolysis products 
of bornyl acetate (yellow solution). 
51 
Tab l e 18. Summary of the mass spectrum of compound K whose 
vpc is shown in Figure 22 
m/e RI, % m/e RI, % 
15 5.9 > 67 39.5 
26 7.3 > 77 59. l 
27 26.4 78 11. 4 
29 8.6 79 25 . 5 
38 1.8 80 9. 1 
39 39. l >> 91 l 00. 0 
40 5.9 92 15.9 
41 21.8 > 93 98.2 
50 9. l 94 14. l 
51 25.9 > 95 91. 4 
52 8.2 96 8 . 2 
53 18 .6 l 05 9. 5 
55 10. 5 107 14. l 
62 3.2 >108 65.5 
63 7.7 109 4.5 
65 23.6 110 15.9 
66 3.2 
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Figure 23. The mass spectrum of compound K whose vpc is shown in 
Figure 22. 
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Table 19. Summary of the mass spectrum of compound L whose 
vpc is shown in Figure 22 
m/e RI,% m/e RI,% 
27 3.8 67 2. l 
29 l. 3 > 77 39.8 
38 l. 2 78 5.9 
39 10.6 > 79 12.8 
40 1.8 80 l. 7 
41 4.9 > 91 70.0 
50 2. l 92 8.3 
51 5.9 » 93 l 00. 0 
52 2.9 94 7.5 
53 4.6 l 03 1.4 
54 l. l 105 6.7 
62 l. 3 l 06 1.0 
63 3.2 >107 l 0. 8 
65 8. l >108 57. l 
66 1.6 109 4.9 
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Figure 24. The mass spectrum of compound L whose vpc is shown 
in Figure 22. 
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Table 20. Summary of the mass spectrum of compound M 
whose vpc is shown in Figure 22 
m/e RI,% m/e RI,% 
27 7.5 67 2.0 
28 2.3 > 77 42.8 
29 1.8 78 6. l 
38 1.2 > 79 14.5 
> 39 11.4 80 1.8 
40 1.8 > 91 73.8 
41 5.5 92 8. l 
50 3.2 » 93 100.0 
51 8.3 94 7.4 
52 3.7 l 03 1.6 
53 5.9 l 05 6.7 
62 l. 2 l 06 1.8 
63 3.3 l 07 10.2 
65 8.7 >108 58.9 
66 l. 6 109 4.7 
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Figure 25. The mass spectrum of compound M whose vpc is shown 
in Figure 22. 
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Table 21. Summary of the mass spectrum of compound N 
whose vpc is shown in Figure 22 
m/e RI,% m/e RI,% 
27 12.6 78 J 5; J 
29 16.0 > 79 33.6 
> 39 26. 0 80 16.8 
40 l 0. 9 > 92 38.7 
> 41 50.4 >> 93 l 00. 0 
43 14.3 94 4.2 
53 8.4 103 2.5 
55 14.3 l 05 15. l 
65 3.4 >121 37.0 
66 12.6 136 24.4 
67 21. 0 
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Figure 26. The mass spectrum of compound N whose vpc is shown in 
Figure 22. 
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Table 22 . Summary of the mass spectrum of compound 0 \'Jhose 
vpc is shown in Figure 22 
m/e RI , % m/e RI, % 
15 3. l 67 33 .4 
18 2.4 68 12.8 
26 l.8 69 4.4 
27 23.6 77 31.2 
28 10.8 78 9.6 
29 9.9 > 79 41.0 
32 3. 7 80 8.8 
38 l.8 81 4 .4 
> 39 36.9 82 2.3 
40 7.2 > 91 39.8 
> 41 37 .3 92 12.8 
42 2.7 » 93 100.0 
43 7.5 94 14.8 
44 3. l 95 13. 4 
50 5.5 103 5.8 
51 12. 7 104 7.0 
52 5.2 105 8. 5 
53 18 . 0 107 22.4 
55 l 0. l l 08 7.0 
63 4.0 > 121 50 .8 
65 14. 5 122 3.5 
66 7.2 136 12.5 
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Figure 27. The mass spectrum of compound 0 whose vpc is shown in 
Figure 22. 
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Relative intensities of the various peaks in the gas chromatography 
were determined by an electron capture analyzer and numerically tabulated. 
The relative percentages for each of the compounds (excluding acetone 
and acetic acid) are shown in Table 23. Table 24 summarizes the relative 
average percentage of the compounds with a molecular ion of m/e 108 
versus those with the molecular ion at m/e 136. 
Table 23 . Percentages of products of the thermolyses of 
bornyl and iso-bornyl acetates. 
Run #1 Run #2 Run #3 Compound and Peak No. 
% % % 
Iso-bo rnyl Fa 13. 0 3. l 17.4 
acetate Ga 17.6 40.9 24.3 
Ha 62.8 41.4 50.9 
lb 6.6 14. 6 7.4 
Bornyl Ka 9.8 
acetate 
La 29.2 
Ma 53.5 
N and ab 7.5 
aldentified as isomeric trimethycyclopentadienes, see Discussion 
of the Results. 
bldentified as tricyclene and camphene, see Discussion of the 
Results. 
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Table 24 . Percentages of groducts with M; at m/e 108 versus 
products with M. at m/e 136 from the thermolyses 
of bornyl and iso-bornyl acetates. 
Compound 
Per cent of compoundsa 
m/e l08b m/e l36c 
Iso-bornyl acetate 90.5 9.5 
Bornyl acetate 92.5 7.5 
aFor comparison with values obtained by Emovon, see Figure l. 
bldentified as isomeric trimethylcyclopentadienes, see Discussion 
of the Results. 
cldentified as camphene and tricyclene, see Discussion of the 
Results . 
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DISCUSSION OF THE RESULTS 
The kinetics of acetate pyrolysis show very interesting character-
istics when studied over 4-7 half-lives. Linear results have been re-
65 
ported for ln(P00-Pt) versus time plots where the reaction is homogeneous 
and follows first order kinetics throughout the course of study with no 
subsequent reactions. Results of this type have been reported for 
1-phenylethyl acetate pyrolysis5•11 and have been consistently verified 
in this study. Figure 28 is a representative first order plot for the 
pyrolysis of 1-phenylethyl acetate in a deactivated reactor, Run 97. 
These results demonstrate that the reactor has been properly deactivated 
and the reaction is homogeneous. 
However, after demonstrating that the walls of the reactor were 
deactivated by the pyrolysis of the standard, 1-phenylethyl acetate, 
typical plots of the thermolysis of isa-bornyl and bornyl acetates showed 
curvatures as the reaction progressed past one half-life, Figures 29 
and 30 (Runs 145 and 163, respectively). The explanation of the 
curvature can be attributed to secondary decomposition. It was not 
thought to be due to a heterogeneous reaction because wall deactivation 
had been attained. This reasoning was confirmed upon analysis of the 
products. The primary product from the pyrolysis of these compounds 
should be bornylene; however, little, if any, bornylene (Mt 136) was 
found in the product mixture. Rather compounds with molecular ions at 
m/e 108 (Mt-28) were the predominate products (-90%). The loss of 28 amu 
is likely due to the loss of ethylene. 
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Figure 28. Plot of ln(P00-Pt) versus time of 1-phenylethyl acetate 
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With substituted cyclohexenes further decomposition occurs via a 
retrograde Diels-Alder reaction as illustrated. 
+ 
It is apparent from the gc-ms study that several isomers of trimethyl-
cyclopentadiene are present. Hence the compounds with molecular ions 
at m/e 108 can be assigned structures of the isomeric trimethyl-
cyclopentadienes. The compounds with a molecular ion peak at m/e 136 
have mass spectra {Figures 16, 26, and 27) which correspond to the mass 
spectra of tricyclene and camphene (Figures 14 and 15). It should be 
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pointed out that neither camphene or tricyclene can undergo a retrograde 
Diels-Alder reaction. 
Emovon did not report the presence of the trimethylcyclopentadienes. 
As his therroolyses were conducted under conditions in which the reaction 
was allowed to go to only 15% completion (in contrast to 87-95% in 
this study), the fact that he did not detect trimethylcyclopentadienes 
is not too surprising. In addition his only method of analysis was vpc 
comparison with standard samples; no spectroscopic or chemical methods 
of analyses were employed. As a result, the kinetic data he obtained 
vary somewhat with that of this study. In order to minimize the effect 
of this secondary decomposition upon the rate constants, the rate 
constants in this study were calculated using only those values for which 
the linearity of a first order reaction was maintained (c.a. 50% 
completion). Despite the care taken in calculating the rate constants, 
the effect of secondary decomposition will still slightly effect their 
validity. If however, Emovon's reaction vessel was not completely de-
activated, as his product analysis indicates (when compared to that of 
this study), the validity of his kinetic data must also be considered. 
Even though two separate methods were employed to examine the kinetics, 
they compare favorably (Table 8). 
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Vapor phase chromatographic analyses of the products of various 
runs indicated that as deactivation of the reactor progressed, the 
relative ratio of the amount of the trimethylcyclopentadienes versus the 
amount of tricyclene and camphene, increased. Tricyclene and camphene 
are sometimes referred to as the unexpected products as they are not 
predicted by the accepted mechanism. The observation that the percen-
tages of the unexpected products decreased as the reactor was deacti-
vated gives credence to the conclusion that these products are formed 
through catalytic wall participation. 
CONCLUSION 
In the gas phase homogeneous first order thermolysis of bornyl and 
i so-bornyl acetates, the amount of camphene and tricyclene obtained is 
inversely proportional to the extent of the reactor's deactivation. 
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Even though the products predicted by the accepted theory of acetate 
decomposition were not exclusively obtained, the amount of camphene and 
tricyclene found can be drastically reduced from what Emovon reported. 
Apparently good kinetics can be obtained by deactivating the reactor and 
most of the abnormal products eliminated. The apparent conclusion is 
that even though the reactor is sufficiently deactivated to give good 
kinetics, there is still significant catalytic wall participation, 
which gives the unpredicted products. 
Two further courses of investigation have been suggested by this 
study. The first of these would be to examine the rate of the retrograde 
Diels-Alder reaction of bornylene and see how it compares to the 
deviation from first order kinetics observed in this study. An analysis 
of the thermolysis products should reveal the same compounds observed in 
this study. The second area of investigation would be to continue to 
deactivate the reaction vessel over an extended period c:f time and see if 
the appearance of camphene and tricyclene can be eliminated. 
Although this study did not obtain the products which are predicted 
by theory in 100% yield, it does show the relationship of the realization 
of the unexpected products and the reaction vessel wall's catalytic 
assistance to the reaction. Therefore, even in bicyclic strained ring 
systems, the accepted six member ring cis-elimination mechanism is 
followed and does not have to be modified. 
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APPENDIX 
Mathematical Treatment of Data5,ll ,1 5,17,18 
For a first order unimolecular decomposition 
A ~ B + C 
(1-x) (x) (x) 
( 1 ) 
where x is the mole fraction of A which has been decomposed, the rate 
equation is given by 
v = - d(l-x) = k(l-x) dt 
which on integration gives 
- ln(l-x) = kt + const. 
( 2) 
(3) 
The rate constant, k, can be evaluated by determining the slope of the 
straight line plotting -ln(l-x) versus time. 
In the pyrolysis reaction, pressure rather than concentration is 
used. In Equation 1 we see that at any time the total pressure is 
related to (l + x). Consider P , Pt and P to be the pressures at 
00 0 
infinite, finite and zero time respectively, then 
(4) 
16 K. J. Laidler, "Chemical Kinetics," 2nd ed., McGraw-Hill Book 
Co., Inc., New York, 1965, chs. l, 2, 3 and 4. 
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17A. A. Frost and R. G. Pearson, "Kinetics and Mechanism," 2nd ed., 
John Wiley & Sons, Inc., New York, 1961, pp. 8-123. 
18s. W. Benson, "The Foundations of Chemical Kinetics," McGraw-
Hill Book Co., Inc., New York, 1960, chs. l, 2, 4, 10 and 11. 
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The pressure at infinite time, P , for the first order decomposition 
00 
is related to the initial pressure, P
0
. 
P = 2P 
00 0 ( 5) 
Therefore, by subtracting equation 4 from 5 
( 6) 
where P is the partial pressure of the fraction which has decomposed. 
The measured values, P , Pt , and P all contain a residual 
00
m m 0 m 
pressue, Px, due to the nitrogen pressure, such that, 
p = p + p 00 00 x m 
pt = pt + p 
m x 
p = p + p 
om 0 x 
Since we utilize equation 6, the residual pressure cancels out and 
also it is not necessary that the initial pressure of the system be known. 
It has been shown19 that the E.M.F. from the transducer is directly 
proportional to P, i.e., P = aE. Therefore: 
ln(E
00 
- Et)a = kt + canst. 
ln(E00 - Et) = - kt+ canst. - ln a 
19s. E. Blau, Masters Thesis, Utah State University, 1966. 
Therefore, from a plot of ln(E
00 
- Et) versus time, the value of k 
may be calculated without evaluation of the initial pressure, P
0
, or 
the transducer constant, a. 
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Construction and Operation of the Apparatus 11 
Construction 
The automatic pyrolyzer (reactor) (Figures 31-32) consists of a 
constant volume, stainless-steel pyrolysis chamber equipped with an 
external pressure monitoring system, and an injection and evacuation 
valve. The reactor is placed in the center of an insulated aluminum 
thermostat. 
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The chamber is a cylinder 2 inches o.d. x 4 inches long with a 
volume of 185 ml , at each end is a mounting block 3/4 inches deep. On 
one end of the cylinder is mounted the injection valve system. The valve 
head is a tapered unit which seals into a copper seat that also acts as 
a gasket to seal the chamber from the valve supporting system. The 
hollow stem of the valve emerges through a Vi ton 0-ring seal, a spring 
loaded closing device capable of being held open in two positions, one 
for ready evacuation of the chamber and the other, which partially seals 
off the evacuation system, is the position preferred for injection. 
Attached to the end of the stem is the septum holder which forms an 
air-tight seal. The hole in the center of the stem emerges through the 
valve head in a position which can be sealed to the outside of the 
chamber when the valve is closed. The septum consists of two disks of 
silicone rubber which can be readily changed after wear becomes apparent. 
At the other end of the cylinder is the null-point sensing device 
for the pressure monitoring system. It consists of a thin (0.003 inch) 
stainless-steel diaphragm with two concentric indentations which confer 
it with greater flexibility. The diaphragm is silver soldered into the 
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Figure 31. Scale drawing of the thermolysis 
reactor assembly. 
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body of the mounting block. The silver soldered in the center of the 
outside of the diaphragm is a 1/4 inch disc of stainless steel which has 
been polished smooth. This serves as one of a pair of electrical con-
tacts. The other contact is a threaded steel rod with a 60° tapered point. 
This rod is screwed through a nylon support which is screwed into the 
mounting tube. Because this rod can be screwed in and out the sensi-
tivity of the null point guage can be adjusted. The greater the gap be-
tween the two contacts, the greater the pressure required to close the 
circuit, and vice versa. The null point guage, once adjusted, is sensi-
tive to 0.05 mm of pressure change. 
The pressure monitoring system consists of a relay circuit actu-
ated by the null-point contacts, which operates a solenoid valve (Hoke; 
B90Al80C) that controls the inlet of nitrogen to the outside of the 
diaphragm. When a sufficiently large quantity enters, the pressure is 
sufficient to cause the contacts to open. The quantity of nitrogen 
introduced is subject to the pressure in the large ballast and the 
setting on the needle valve (Hoke; 2RB280). The pressure is monitored 
by a pressure transducer (Dynisco; APT 25/30), whose output is plotted 
on a 2 mv stripchart recorder, usually operated at 60 inches/hour. 
The output of the transducer is linear to within ± 1%, as certified 
by the manufacturer and also as determined by Blau19 and Jones 20 . The 
value is 0-30 mv over the full operating range, 0-1600 ll1T1 Hg. 
The pressure transducer calibration system fills a dual purpose; 
it is the source of the 6V activating E.M.F. and also of a stepped back 
200. A. K. Jones, unpublished results. 
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E.M.F. incremental in units of l .818 mv. This rather unusual value is 
obtained by using only 10/ll of the full scale deflection of a 2 mv full 
scale recorder and chart paper graduated from -1 to +10 (Minneapolis-
Honeywell No. 5480). 
The cold water copper cooling coils protect the nylon support, 
Viton 0-ring , and permit handling of the valve end of the reactor. 
The reaction chamber is placed in the center of a well insulated 
cylindrical block of aluminum, 12 inches x 12 inches. The block is heated 
by two 500 watt immersion heaters each regulated by a Powerstat which 
21 controls the voltage from a constant voltage power transformer, 115v ± 1% . 
The temperature is measured by four chromel-alumel thermocouples in 
series, two positioned through the aluminum block projecting 1 inch into 
the reactor and two in a reference Dewar containing ice and water; the 
output is read to within ± 0.01 mv on a Honeywell Model 2745 Potentio-
meter. The thermocouples were calibrated against a standard Platinum 
Resistance Thennometer as previously described. 
The nitrogen pressure and vacuum system (Figure 33) is self explana-
tory. The stopcocks A-H can be opened or closed to equalize the pressures 
in both parts of the system when checking for leaks. The two ballasts 
help smooth the overall response of the recorder. A rough estimation of the 
pressure in either part of the system is readily indicated by the two 
mercury manorreters. 
Operation 
Before making a kinetic run it is well to understand the principle 
of the design and also to make certain that there are no leaks in 
21 G. G. Smith and F. D. Bagley, Rev. Sci. Instru., 32, 703 (1961 ). 
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the system . This latter is done by connecting a nitrogen cylinder through 
a Y-tube to both ends of the reactor, immersing it completely in water and 
applying about 35 psi to both sides of the diaphragm. Any leaks are 
readily observed. 
It is important that there never be a large pressure differential 
applied across the diaphragm, as indicated by the two mercury manometers. 
In order to obtain reliable first order kinetics it is essential 
t hat the walls of the reactor be well seasoned (completely coated with a 
layer of carbon) . This destroys any 11 active centers 11 which can initiate 
heterolytic cleavage of the molecule and cause the reaction to be hetero-
geneous. A new chamber or one exposed to oxygen may require up to three 
weeks before reliable data can be obtained. Since activation is brought 
about by atmospheric oxygen care must be taken to preclude the entry of 
air to the system. 
The first step after preparing the dry-ice/2-propanol traps is to 
evacuate the entire system by opening taps A, B, and C and the reactor 
valve, V. Taps G and H should be left open permanently unless it is 
desired to isolate portions of the system while looking for leaks. 
When evacuated, and with the pump still pulling, the transducer 
and back E.M.F. control unit must be calibrated as outlined in the fol-
lowing stepwise procedure: 
Transducer calibration 
1. Turn on the recorder, relay circuit, and transducer power switch 
and ascertain that the recorder pen is writing. 
2. By means of the Zero Adjust control, set the pen at approximately 
-0.5 on the chart paper (Honeywell No. 5480). 
3. Hold up the Test Switch and adjust the Calibration Adjust 
control until the pen is 10 units above the zero reading using the 
Sensitivity as a fine control. 
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4. With the Test Switch still closed, place a back E.M.F. of 1.818 
mv into the circuit by turning the back E.M.F . control by one step. If 
at this point the pen does not go down scale reverse the polarity with the 
Polarity Switch. If this does not cause the pen to return to the original 
zero, adjustment should be made with the Calibration control. 
5. Release both the Test Switch and return the Back E.M.F. to 
zero simultaneously in order to avoid undue strain on the recorder . 
6. Repeat steps 2, 3 and 4 until no further adjustment is required. 
Sample preparation and injection 
The sample is injected either as a liquid or a solid, as a hot con-
centrated solution in an inert solvent such as chlorobenzene. 
1. Prepare the syringe by removing the plunger and placing it inside 
a rubber balloon, then place the balloon over the end of the syringe, flush 
well with nitrogen, secure the balloon with an elastic band, fill the 
balloon with nitrogen and replace the plunger. 
2. Fasten a 9 inch needle to the syringe. 
3. Draw up 100-200 µl of liquid into the syringe. Air bubbles are 
removed in the usual manner. 
4. Isolate the outer side of the system with tap A, close tap C, 
then through taps D and E allow sufficient nitrogen into the reactor to 
cause the diaphragm to make contact (this should require about 30 mm--
see Construction). Electrical contact is noted by a click of the solenoid 
and a flash of the indicator light. Close tap B, arrange for the pressure 
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in the large ballast to be sufficient for the reaction; this can only be 
estimated from experience but it is easily controlled by tap F. 
5. Turn on recorder chart drive. 
6. Expel all air and a small sample of liquid from the needle and 
wipe it with a tissue. 
7. Push the needle through the septum. Do not allow the liquid to 
be sucked in until the needle reaches the reactor. Inject the sample 
and withdraw the needle a short distance before quickly closing the valve 
by releasing the catch; tighten with the lock nut and open tap B. 
As soon as the sample is injected the pressure rises rapidly due to 
the initial vaporization which activates the solenoid valve. At this 
stage the needle valve should be wide open but it should soon be closed 
down as far as possible so that the nitrogen "slugs" are small and the 
curve on the chart smooth. 
8. Whenever the pen carriage approaches nearly fullscale turn the 
Back E.M.F. switch by one unit to return the pen to the previously selec-
ted zero point; repeat as necessary. 
9. Record the temperature E.M.F. 
10. When the run is nearing completion the chart drive may be 
turned off to conserve paper. 
11. Record E and the final temperature E.M.F. 
00 
12. Close taps D and F, evacuate until the pressures on both sides 
are equal, open tap A, secure valve V open, evacuate the system and flush 
with nitrogen several times. Finally evacuate in readiness for the next 
run. 
During this time it is well to have the recorder turned off 
and the Back E.M.F. switched to zero. 
Prepare the sample for the next run. 
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